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1.  INTRODUCTION 

The  Department  of  Defense,  Defense  Mapping  Agency  (OMA)  has 
operated  Inertial  surveying  systems  since  1975  when  a  Litton  Auto- 
Surveyor  System  (LASS)  unit  was  acquired.  Designated  the  Inertial 
Positioning  System  One  (IPS-1),  this  unit  Is  still  operational  In  Its 
eleventh  year  of  service  and  Is  frequently  utlllrrd  for  routine  sur¬ 
veying  tasks.  Experience  was  also  gained  with  extensive  testing  and 
limited  operational  use  of  a  prototype  of  the  Honeywell  GEO- SPIN  sys¬ 
tem.  known  In  DMA  as  IPS-2  (1979-S2),  and  with  the  standard  U.S.  Army 
Position  and  Azimuth  Determining  System  (PADS)  of  which  two  units 
were  acquired  In  1982. 

These  two  PADS  units  have  now  been  upgraded  to  the  configuration 
of  the  Litton  Auto-Surveyor  System  II  (LASS-II)  and  bear  the  DMA  des¬ 
ignation  of  IPS-3  and  IPS-4.  The  purpose  of  this  paper  Is  to  present 
the  results  of  operational  testing  of  these  LASS-II  systems  carried 
out  In  the  span  of  the  past  year  over  the  Cheyenne  IPS  Test  Course. 

2.  LASS  II 

'-The  Litton  Auto- Surveyor  System  II  Is  an  upgraded  version  of  the 
Position  and  Azimuth  Determining  System  Intended  for  applications  In 
surveying  and  geodesy.  The  hardware  features  which  set  a  LASS-II 
apart  from  a  PADS  are  (1)  gyros  screened  to  tighter  performance  spec¬ 
ifications,  (2)  modifications  to  the  control/dlsplay  unit  (CDU),  (3) 
addition  of  a  digital  tapedeck  and  associated  Interface  electronics, 
and  (4)  a  coat  o^  paint  change  from  olive  drab  to  off-white  which, 
aside  from  giving  the  LASS-II  a  distinctive  look,  has  the  functional 
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Figure  1.  Litton  Auto-Surveyor  System  11  (LASS-II) 
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Figure  2.  Typical  Lass-II  Installation  in  a  survey  vehicle 


Figure  3.  Control/display  unit  (CDU)  of  the  LASS-It  system 
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purpose  of  aiding  with  the  fflanagement  of  heat  dissipation.  Figures  1 
’'and  2  show  the  LASS- I I  unit,  and  Figure  3  shows  the  CDU.  > 

3.  THE  TEST  TRAVERSE 


Figure  4.  Cheyenne  IPS  Test  Course  and  the  test  traverse. 


The  ONA-owned  Inertial  surveying  systems  are  operated  by  the  Geo¬ 
detic  Survey  Squadron  (GSS)  located  at  F.E.  Warren  Air  Force  Base  in 
Cheyenne,  Wyoming.  A  calibration  and  test  course  consisting,  at  the 
present  time,  of  49  surveyed  points  has  been  laid  out  along  the  road 
network  to  the  north  and  west  of  the  city  of  Cheyenne,  known  as  the 
Cheyenne  IPS  Test  Course. 

(jer  f  f)r"ianre  of  the  I  ASS- 11  svSte'Ti  over  short  traverse  lines 
(under  ^0  km)  nas  been  adequately  tested  by  I  TECH  (I98J)  and  dUEGER 
(1984),  with  decimeter- level  accuracies  reported  by  both.  The  objec¬ 
tive  of  the  present  test  was  to  ascertain  the  performance  of  the 
LASS-II  system  over  a  traverse  line  of  operationally  significant 
length  and  configuration.  The  traverse  selected  reflects  the  often- 
encountered  operational  scenario  of  a  generally  straight  line  of 
progress  with  majoi^  meandering  along  the  way.  Comprising  24  control 
points.  It  extends  In  a  generally  north-south  direction  from  Cheyenne 
to  just  south  of  the  town  of  Chugwatcr.  with  a  path  length  of  86  km  - 
see  Figure  4.  The  elevation  range  along  the  traverse  route  Is  230  m. 


since  pert  of  the  overall  objective  Mas  to  document  system  accura¬ 
cy  under  extreme  conditions,  the  test  traverse  Is  the  longest  trav¬ 
erse  Mhich  could  be  laid  out  within  the  confines  of  the  Cheyenne  IPS 
Test  Course  and  also  fully  conform  to  the  Inertial  traverse  design 
criteria  specified  in  LITTON  (1982).  These  criteria  require  that  (1) 
the  traverse  be  fully  contained  within  the  radius  of  100  km  from  the 
starting  point,  and  U)  that  no  point  of  the  traverse  deviate  later¬ 
ally  from  the  straight  line  connecting  the  endpoints  of  the  traverse 
by  more  than  one-third  of  the  distance  to  the  nearer  endpoint.  The 
Litton  criteria.  In  effect,  require  that  the  traverse  be  contained 
within  a  diamond-shaped  area  no  longer  than  100  km  and  no  wider  than 
one-third  of  Us  length.  Such  diamond- shaped  area  which  contains  the 
test  traverse  Is  also  Indicated  In  Figure  4. 

4.  DESCRIPTION  OF  THE  TEST 


As  Is  the  usual  case  with  acceptance  testing,  the  acceptance  tests 
of  the  lPS-3  and  lPS-4  systems  were  preceded  by  exacting  bench  and 
road  calibrations  of  the  respective  hardware,  and  were  carried  out  by 
personnel  possessing  special  skills  and  extensive  experience  with  the 
operation  of  LASS-lI  systems.  In  contrast,  the  Intent  of  operational 
testing  Is  to  carry  It  out  as  one  would  any  other  routine  assignment. 
I.e..  without  any  special  preparation  of  the  equipment  and  utilizing 
routinely  trained  personnel.  Accordingly,  the  test  runs  made  for  this 
purpose  were  accomollshed  whenever  the  systems  were  available  and  with¬ 
out  recourse  to  selected  operators. 

Four  forward-and-reverse  "double*  runs  were  made  over  the  test 
traverse  with  each  system,  using  3.S  minutes  as  the  nominal  zero- 
velocity  update  (ZUPT)  Interval.  In  every  case,  the  traverse  run  was 
preceded  by  a  one-hour  alignment  of  the  system  and  by  a  short  "dusiey* 
traverse  leg.  The  time  required  to  run  the  86-km  traverse  In  one 
direction  ranged  from  1  hr  35  min  to  2  hr  25  min  and  averaged  1  hr  56 
min. 


IPS-3  FORWARD  RUMS 
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Figure  5. 
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5.  !PS-3  DATA 


Figures  5  and  6  show  the  IPS-3  unsisoothed  data  In  the  form  of  the 
magnitude  of  position  and  height  deviation  of  the  forward  and  reverse 
runs*  respectively.  Temptation  Is  here  resisted  to  call  these  "raw" 
data,  as  the  data  In  question  has  been  acted  upon,  and  thereby  Irre¬ 
versibly  altered,  by  the  Kalman  filter  built  Into  the  LASS-II  on-line 
software;  raw  inertial  data  Is  not  e';cess1b1e.  In  each  case,  a  3-km 
duamy  leg  was  run  due  south  between  the  second  and  first  points  of 
traverse,  whei^eupon  the  traverse  proper  was  started  due  lorth. 

• 

Figure  7  shows  the  magnitude  of  position  and  height  error  In  the 
corresponding  smoothed  (I.e.,  adjusted)  data  of  the  eight  (four  for¬ 
ward  and  four  reverse)  “single"  runs.  The  strikingly  better  perfor¬ 
mance  of  the  vertical  channel  Is  Inmedlately  apparent. 

6.  lPS-4  DATA 


Figures  8  and  9  show  the  IPS-4  unsmoothed  data.  Of  Inmedlate 
note  are  the  much  larger  position  deviation  ramps  of  the  forward  runs, 
not  duplicated  In  the  reverse  runs,  while  the  height  deviation  ramps 
are  not  significantly  different  from  those  of  lPS-3. 


Figure  8. 
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HEIGHT 


Figure  10. 
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Hert  different  operators  are  Involved  and,  Instead  of  running  a 
straight  3-kai  course  as  ms  the  case  with  IPS-3,  the  dunav  leg  was  run 
froa  a  control  point  near  the  place  of  allgiaent  over  approxiMtely  5  km 
of  tortuous  route  to  the  starting  point  of  the  traverse.  This  and  the 
likely  existence  of  a  relative  position  error  between  the  two  control 
points  Involved  asy  have  caused  an  azimuth  error  to  be  Introduced  Into 
the  system,  as  opposed  to  removing  residual  azimuth  error  left  after 
alignment,  which  Is  the  whole  purpose  of  running  a  duMy  leg. 

Another  possible  explanation  Is  that  the  large  ramps  In  position 
deviation  are  caused  by  an  Intrinsic  characteristic  of  the  IPS-4 
hardware,  such  as  a  significantly  greater  gyro  drift.  Additional 
controlled  test  runs  with  IPS-4  are  needed  to  resolve  this  Issue. 

Figure  10  shows  the  corresponding  smoothed  data,  with  position 
errors  somewhat  greater  than  those  of  IPS-3.  while  height  errors 
appear  to  be  smaller  than  those  of  IPS-3. 

7.  RMS  ERROR  OF  A  SINGLE  RUN 

Combining  the  smoothed  IPS-3  and  IPS-4  data  (total  16  single  runs), 
root-mean-square  (RMS)  errors  In  position  and  In  height  were  computed 
for  each  of  the  22  Intermediate  points  along  the  test  traverse.  These 
appear  plotted  as  a  function  of  path  distance  In  Figure  II  together 
with  the  respective  RMS  error  models  given  in  LITTON  (1982)  and  the 
corresponding  new.  "elHptlcar'  RMS  error  models  proposed  as  a  result 
of  this  analysis. 


RMS  ERROR  OF  SINGLE  RUN 
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The  Litton  RMS  error  models*  giving  the  respective  RMS  errors 
(RMSE)  In  meters,  ere  formulated  as  follows: 

•^Sosltion*  ^1055 

“^^^helght  “  ?o!oO(J  (2) 

where  S  Is  the  straight-line  distance  from  the  point  of  Interest  to 
the  nearer  endpoint  of  the  traverse.  In  meters.  In  the  case  of  posi¬ 
tion  error,  the  Litton  model  has  been  found  to  be  too  optimistic  for 
points  close  to  the  endpoints  of  the  traverse  and  too  pessimistic  for 
points  In  the  middle  of  the  traverse,  while  In  the  case  of  height 
error  the  Litton  model  turns  out  to  be  grossly  pessimistic,  by  a  fac¬ 
tor  of  4  or  5,  as  Is  readily  apparent  from  the  lower  graph  of  Figure 
11.  Also,  being  defined  In  terms  of  the  straight-line  distance  S, 
the  Litton  model  Is  not  appropriate  for  meandering  traverses. 

The  proposed,  elliptical  RMS  error  models,  giving  the  respective 
RMS  errors  in  meters,  are  defined  as  follows: 

'^%osition”  2oToOO  /  (single-run)  (3) 

””^^he1ght  “  Ww  J  (single-run)  (4) 


where  d  is  the  path  distance  from  either  endpoint  of  the  traverse  to 
the  point  of  Interest,  and  0  Is  the  total  path  length  of  the  traverse, 
both  In  meters.  The  appropriateness  and  goodness  of  fit  of  these 
models  may  be  Judged  from  the  graphs  of  Figures  11  and  13.  Where  the 
model  curve  falls  below  the  observed  RMS  error.  It  must  be  kept  in 
mind  that  the  data  has  not  been  purged  of  outliers.  In  each  instance, 
the  rejection  of  the  largest  deviation  In  the  set  of  16  at  each  point 
brings  the  observed  RMS  error  In  line  with  the  proposed  model. 

Also  shown  In  Figure  11  Is  the  magnitude  of  the  position  and 
height  error  of  the  means  of  all  16  (8  forward  and  8  reverse)  single 
runs.  This  is  indicative  of  the  noise  present  in  the  geodetic  con¬ 
trol;  perhaps  half  of  this  error  is  attributable  to  uncertainties  in 
the  conventionally  surveyed  positions  and  elevations. 

8.  RMS  ERROR  OF  A  DOUBLE  RUN 

It  is  the  standard  practice  to  double-run  inertial  traverses, 
that  is,  to  follow  the  "forw-ird"  run  iirmedi a te  1  y  with  a  run  made  m 
the  opposite  dirertion,  touching  upon  the  traverse  points  in  reverse 

or  ;ef  ,  r  pn,  r>  •  rie  '’.i-e  "reverse"  run  I*ie  — eans  of  the  respectl.e 

smoothed  latitudes,  lunqituries,  and  rei jnts  are  then  taken  as  im¬ 
proved  results.  In  the  rase  of  height  error,  this  improvement  fol¬ 
lows  the  laws  of  statistics  for  random  numbers,  in  that  the  RMS  error 
of  the  mean  is  reduced  by  the  factor  1//? 

In  the  case  of  position  error,  as  Is  readily  seen  in  the  upper 
graph  of  Figure  13,  this  improvement  is  significantly  greater.  The 
RMS  error  of  position  (where  the  position  errors  are  computed  as  the 
vector  sum  of  the  deviations  of  the  corresponding  mean  latitude  and 
mean  longitude  pairs)  Is  reduced  by  the  factor  1/2  as  a  round  figure. 


Figure  13. 


Note  that  the  letter  E  Is  used  In  Figures  13.  14,  and  15  to  Iden¬ 
tify  the  elliptic  RMS  error  nodel  curve  given  by  equation  (3)  for  RMS 
error  In  position  and  by  equation  (4)  for  RMS  error  In  height.  The 
other  RMS  error  model  curves  shown  are  those  corresponding  to  E/\^ 
and  E/2,  and  are  so  Identified. 

To  complete  this  Investigation,  single  runs  were  pair-wise  com¬ 
bined  and  the  RMS  errors  of  the  respective  means  were  computed  for 
runs  made  (1)  In  the  same  direction  with  the  same  equipment,  (2)  In 
the  same  direction  with  different  equipment,  and  (3)  In  opposite  di¬ 
rections  with  different  equipment.  The  results  are  shown  In  Figure 
15,  where  the  RMS  error  of  a  single  run  (see  Section  7)  has  also  been 
plotted  for  comparison. 
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Figure  15. 

The  following  may  be  abstracted  from  Figure  15;  (!)  Running  the 

traverse  twice  In  the  same  direction  with  the  same  equipment  produces 
only  a  negligible  Improvement  In  either  position  or  height  accuracy. 
(2)  Running  the  traverse  twice  in  the  same  direction  with  different 
eouloment  Is  not  much  better  for  Improving  position  accuracy;  for 
helgnt.  however.  It  achieves  accuracy  Improvement  comparable  to  that 
of  tho  forward-and-reverse  double  run.  (3)  Running  the  traverse 
twice  In  ODDOSite  directions  with  different  equipment  does  achieve 
about  three-fourths  of  the  position  accuracy  Improvement  of  the  for- 
Mord-ind-revorto  double  run  and  height  accuracy  Improvement,  again, 
coe^rable  to  that  of  the  forward-and-reverse  double  run. 

It  Is  apparent  that  the  errors  affecting  the  Interpolation  of 
position  with  an  Inertial  surveying  system  are  predominantly  system¬ 
atic*  made  up  of  components  which  are  both  equipment-specific  and 
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The  following  may  be  abstracted  from  Figure  15:  (1)  Running  the 

traverse  twice  In  the  same  direction  with  the  same  equl^nt  produces 
only  a  negligible  Improvement  In  either  position  or  Kelght  accuracy. 
(2)  Running  the  traverse  twice  In  the  same  direction  with  different 
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owever,  It  achieves  accuracy  Improvement  comparable  to  that 
of  the  forward-and-reverse  double  run.  (3)  Running  the  traverse 
twice  In  oppMite  d1  rations  with  different  eouloment  does  achieve 
about  three-fourths  or  the  position  accuracy  improvement  of  the  for- 
ward-and-reverse  double  run  and  height  accuracy  Improvement,  again, 
comparable  to  that  of  the  forward-and-reverse  double  run. 

It  It  apparent  that  the  errors  affecting  the  Interpolation  of 
position  with  an  Inertial  surveying  system  are  predominantly  system¬ 
atic,  made  up  of  components  which  are  both  equipment-specific  and 


trajactory-speclflc.  and  of  such  nature  that  tl^lr  optliaal  reduction 
takes  place  when  SMans  are  taken  of  the  sMoothfd  results  of  runs  made 
In  opposite  directions  with  the  sawe  equipment.  This  would  seem  to 
Indicate  that  the  traJectory>spec1f1c  component  Is  dominant,  with  the 
gravity  disturbance  field  the  likely  source.  The  same  Is  observed  to 
•PPly.  albeit  to  a  significantly  lesser  degree*  to  the  Interpolation 
of  height.  Deeper  understanding  of  this  complex  error  propagation 
must  await  more  data  and  another  study. 

9.  SUWWRY 

I 

This  paper  has  presented.  In  graphical  form,  the  errors  In  posi¬ 
tions  and  heights  Interpolated  with  two  DMA-owned  LASS- II  systems 
over  a  specially  designed  test  traverse  for  the  purpose  of  operation¬ 
al  testing  of  the  LAS$-11  systems.  Based  on  subsequent  data  analysis, 
new  mathematical  models  for  the  RMS  errors  In  ilositlon  and  In  height 
are  proposed,  which  are  better  suited  for  operational  configurations 
of  Inertial  traverses,  as  well  as  more  accurately  descriptive  of  the 
RMS  errors  actually  observed. 

It  must  be  kept  In  mind  that  the  error  andels  In  question  give 
RMS  (I.e..  one-sigma)  values,  and  hence  Isolated  errors  up  to  three 
or  four  times  their  magnitude  may  occur.  Also,  these  error  models 
are  specific  to  LASS-II  systems  operated  In  a  light  truck  type  vehi¬ 
cle  with  nominal  3.5-m1nute  ZUPT  Intervals.  Their  validity  for  e.g. 
helicopter  operation  and/or  longer  ZUPT  Intervals  Is  yet  to  be  veri¬ 
fied. 
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